Numerous seasonally flooded wetlands in the lower Gangetic floodplain offer unique natural habitat for many migratory bird species due to their geographical location and hydro-ecological functioning. The various developmental projects change the riverine flow regime and cause hydro-ecological modification in the Gangetic floodplain wetland system. This study presents a comprehensive spatio-temporal monitoring of wetland dynamics in the lower segment of the Bagmari-Bansloi-Pagla sub-basin of the GangaBhagirathi rivers using image classification technique and some fragmentation indices. Our results reveal that the land-use conversion and fragmentation processes that affect the wetland landscape are generally represented as the evolution, and consecutive drying and squeezing of wetland patches over the study area. The water-spreading area of the wetlands was highest during 1975 after the construction of the Bhagirathi feeder canal. The situation has worsened since 1980 due to cumulative effects of agriculture after the Green revolution, and the whole landscape has become a fragmented, isolated and agronomically managed wetland.
THE seasonally flooded wetlands in developing countries are mistreated due to their ephemeral and erratic appearance and small size; however, their significance is comparable to the more permanent wetlands 1, 2 . The Ramsar Conservation on Wetlands 2 has grouped such wetlands as a subset of the 'temporary pool' and nominated them for inclusion in the directory of wetlands of global importance. Generally, wetlands are fragile ecotone between terrestrial and aquatic habitats and they play a pivotal role in the landscape by providing beneficial natural resources to human civilizations 3 . Wetlands cover almost 10% of the earth's land surface and 15% of this is floodplains 4 . About 50% of the world's wetlands have been lost since 1990 (refs 5, 6) due to anthropogenic causes like urbanization, agricultural expansion, and water system regulation and various developmental activities. Foote et al. 7 and Prasad et al. 8 have identified different processes of wetland loss in India under two broad groups. Acute losses, which act usually over a short period, and chronic losses that occur over several years 7 . Scott and Pole 9 documented that about 45% of Indian wetlands is moderate to highly threatened. In this subtropical region, the floodplain wetlands are almost lost due to direct and indirect alterations of hydrological regimes 10 . Wetlands in the Gangetic floodplain are being rapidly converted due to agricultural encroachment and draining for irrigation 11 , although their natural occurrence may yield 2.75 times greater economic value than agriculturally converted wetlands 12 . Floodplain wetlands are among the most threatened habitat 4, 8, 13 and they are susceptible to deluging once or more in a year. Junk et al. 14 defined the floodplain as an 'aquatic/terrestrial transition zone' (ATTZ) that has unique properties in terms of its hydrology and biota. Floodplains also offer a suitable environment for human settlements through their direct and indirect effects on crop production. In the last few decades, however, the rapid growth of population and enhanced demand for water forced the human population to manage watershed and hydrological alteration. Construction of large barrages and associated irrigational canals also alter the hydrological set-up and can change the forms and functions of wetlands. Many researchers have studied the issues of hydrological alteration in floodplain system caused by various development activities, viz. construction of large dams, barrages, canals and policy implementation of the green revolution, etc. The impacts of hydrological alteration on floodplain habitat caused by dams have been studied [15] [16] [17] . The general effects of hydrological alteration on wetland systems caused by irrigation canals were reported by Rao 18 and Behera et al. 19 . To assess the changes in wetland landscape, satellite remote sensing data can provide a consistent and repeatable measurement of landscape condition and permit monitoring the slow or sudden changes in land surface condition 20 . In India about 58.2 m ha area is occupied by wetlands, including those under wet paddy cultivation 21 , greater parts of which depend directly or indirectly on major (rivers like the Ganga, Brahmaputra, Narmada, Godavari, Krishna, Kaveri and Tapti 8 . Here majority of the wetlands appear as maximum water spread area during deluging period of the monsoon (June to September) and disappear in the dry season 10 . This indicates the strong footprint of monsoon in the hydrology of wetlands 22 . Wetlands in the lower Gangetic floodplain play a pivotal role due to their hydro-ecological functions and economic value and livelihood for 21% of the marginalized section of the population 12 . According to a report of the Space Applications Centre 23 , in the Gangetic West Bengal, there are 1489 oxbow lakes, 167 wetlands with size greater than 50 ha, 7065 wetlands with size greater than 2.25 ha and 56,313 wetlands with size less than 2.25 ha covering an area of 504,306.56 ha. West Bengal holds the second position in terms of riverine wetlands 22 . The floodplain wetlands in West Bengal periodically become a part of the Ganga River 24 , whereas only discrete wetlands are recognized as lakes, pond and oxbow lakes 25 . In the present study, we have utilized remote sensing and geographic information system to acquire the land use and spatial statistics of wetlands at the landscape level. The primary objective of this study is to capture the evolution processes of wetlands in the lower segment of the Bagmari-Bansloi-Pagla river basin after completion of the Farakka barrage projects and later the growing intensive agricultural practice.
Materials and methods

Study area
The Bagmari-Bansloi-Pagla basin, a sub-basin of the Bhagirathi river is located between 2419-2447N and 8714-8804E covering an area of 2522 sq. km ( Figure 1 ). It comprises part of Birbhum and Murshidabad districts of West Bengal, and Pakur, Gadda and Dumka districts of Jharkhand. The entire catchment area is drained by three major non-perennial rivers, namely the Bagmari, Pagla and Bansloi, originating from the Rajmahal hills and running eastward and finally debouched into the Padma and Bhagirathi rivers. Construction of feeder canal has partly detached its natural connection from the Padma River, thus it playing a new confluence of few rivers coming from Rajmahal hills.
Topographically the lower segment of the BagmariBansloi-Pagla basin is part of the lowland floodplains of the Ganga-Bhagirathi river system, also known as the Moribund delta 26 characterized by the presence of numerous inter-distributary swamps and meander cut-offs 27 . The presence of a near-surface groundwater level and flat topography are the conjunctive effect for the occurrence of wetlands in this region 28 . Many small and large wetlands locally called 'Beel', either permanent or temporal, have been categorized as marshy lowlands with numerous freshwater swamps. All of these are nourished by monsoon rainfall, and seepage from the Bhagirathi feeder canal emanating from the River Ganga from the Farakka barrage. Few of them are interconnected by small streams and encircled by wetland shrubs and few patches of marsh serve as a suitable habitat for migratory birds during the winter season.
Ahiran beel (Ahiron), Baghar beel (Bansabati beel), Chander beel, etc. are important wetlands and they occupy majority of the landscape in the study site. The Ahiran beel comprising an area of ~400 ha was identified in the list of important bird sanctuaries during 2005-06 under the National Wetland Conservation Programme (NWCP) by the Ministry of Environment and Forests (MoEF), Government of India (GoI). Migratory bird populations along with some native migratory ( Figure 2 ) and resident birds (Table 1) use this wetland as a breeding ground during the winter period. It is situated near Jangipur Railway station, 35 km south from the Farakka barrage and also adjacent to the National Highway 34. Bansabati beel, also known as Baghar beel, is much larger than Ahiron, where 4000 coots along with more than 1000+ pintails and red crested pochards, and few white necked storks were found in 1998 (ref. 29) .
Technique related to remote sensing
For monitoring of wetland dynamics, we acquired eight scenes of Landsat data (Level 1 Terrain Corrected (L1T) product; Table 2 ) from the US Geological Survey (USGS) Global Visualization Viewer that were pre-geo referenced to UTM zone 45 North projection using WGS-84 datum. All images were collected between November and February to clearly delineate the wetlands. The images were radiometrically corrected and nearest neighbour algorithm was used to resample them into 30 m output pixels.
At the stage of first water discharge (21 April 1975) from the Farakka barrage to the Bhagirathi feeder canal, water-spreading areas over the wetlands reached the maximum. We collected one MSS image (18 November 1975) during this period, and wetland polygons were derived by visual classification and onscreen digitization from the image. In order to carry out the temporal landcover dynamics, subsets of imagery were taken. Then we separately analysed wetland land-cover dynamics in different time periods. For meaningful classification, we used four bands of MSS images and equivalent three bands (B2, B3 and B4) of TM images. The spectral wavelength range of MSS data is similar to the three bands of TM data 15 . The Iterative Self-Organizing Data Analysis (ISODATA) clustering algorithm of ERDAS Imagine (v. 9.0) software was used to identify spectrally similar pixels 15 , as they provide the most comprehensive information on the spectral characteristics of an area 6 . Sixteen clusters were specified for the ISODATA clustering and 16 land-cover types were identified in the primary classification procedure. Based on ancillary information and knowledge of the study area, the cluster information was merged into five broad groups, including (i) open water, (ii) marsh, (iii) shrub, (iv) paddy field and (v) fallow 32 .
area. The final classified maps were verified using various ancillary data. Some index-oriented image classification techniques, viz. normalized difference water index (NDWI) and normalized difference vegetation index (NDVI) were also used to identify the qualitative changes in wetland water and vegetation. NDVI is calculated using equations 30 NDVI = NIR -R/NIR + R.
(
NDWI is calculated using the following equation
where NIR, R and Green are the near infrared, red and green bands of the MSS, TM, ETM+ and OLI sensors respectively.
Technique relating to spatial statistics
In order to carry out spatial statistics, e.g. fragmentation statistics, wetland centroids, etc., we combined three land-cover classes, i.e. open water, marsh and wetland shrub into 'wetland' class and the others into 'non-wetland' class. The extracted wetland area was processed using FRAGSTAT©4.1 software
32
. Five class level metrics were used to indicate the wetland fragmentation (Table 3) .
We studied the spatial changes of wetland centroids from 1973 to 2013 using the equations where X t and Y t are the coordinates of centroid points of the wetlands at time t. A it the area of the ith patch at time t, x it and y it the coordinates of the ith patch at time t and N t is the total number of patches at time t.
Accuracy assessment
To assist the validation process, we adopted a number of strategies and used different types of ancillary information. The classification accuracy of land-cover products was a challenging task in the absence of ancillary data. Due to the deficiency of coinciding past aerial photographs or higher resolution satellite data, we constrained this validation to other types of ancillary information. 
Results
Validation
The results were derived from error matrix and kappa statistics, which are used to express the proportionate error generated by a classification process relative to that of completely random classification 33 . We found that overall accuracies for MSS were 84.2% and 83.4% with corresponding kappa statistics of 77.7% and 76.2% respectively. The overall accuracies for land-cover maps of 1990, 2000, 2006 and 2013 were 85.4%, 86.8%, 85.1% and 90.6% with corresponding kappa statistics of 79.5%, 80.5%, 79.2% and 84.9% respectively.
Land-cover changes and dynamics of vegetation and water index
The results revealed that the land-cover statistics, and NDVI and NDWI of the wetlands in the study area decreased each year during 1977-2000. Table 4 shows changes in the wetland area from 1977 to 2013, where total area of wetlands was 6557.04 ha in 1975. In 1977, maximum values of NDWI and NDVI were 0.518 and 0.926 respectively, and total 6557 ha area was divided into various patches, among which wetland shrubs occurred in an area of 1100 ha.
About 745 ha area turned into wetland agricultural area, while marsh grew in an area of 673 ha. Also, a small portion (25 ha 
Dynamics of fragmentation indices
Satellite imagery showed that the total area of wetlands in the study region was 3005.65 ha in 1973, but it increased dramatically to 6557 ha in 1975. Although there was a slight increase in the number of patches from 48 to 69, and in patch density from 0.052 to 0.0748 during that interval, the split index decreased sharply from 15,374.92 to 386.80. Also, the largest patch index (LPI) increased abruptly from 0.569 to 5.0654. However, from 1975, the total area and LPI started to reduce gradually while the fragmentation indices increased overall. In 1977, the total area reduced to 5786.32 ha and LPI fell to 2.691, almost half the value in 1975. Also, patch density and number of patches decreased to 0.0455 and 42 respectively. Splitting index increased to 1206.257 in just two years (1975 to 1977) . Again, in 1990, total area and LPI reduced to 5407.74 ha and 2.3087 respectively. On the other hand, number of patches, patch density and splitting index rose to 79, 0.0856 and 1788.01 respectively. In 2000, total area and LPI further decreased to 4046.85 ha and 1.2011 respectively, while the number of patches and patch density increased slightly to 83 and 0.0899 respectively, and split index increased to 6557.04. In 2006, there was a considerable drop from 4046.85 to 2321.49 ha in total area and from 1.2011 to 1.0661 in LPI. The number of patches, patch density and splitting index increased to 113, 0.1225 and 7958.394 respectively. In 2013, total area, patch number and patch density reduced sharply to 2076.03 ha, 72 and 0.078 respectively, where splitting index decreased slightly to 7933.89. However, there was a slight rise in LPI from 1.0661 to 1.0986 in seven years (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . The feeder canal on the right side of the study area was constructed during the Farakka barrage project proposed in 1962. Before this project, River Bhagirathi, separated from the Ganga near Mithipurat, northern part of Murshidabad district, West Bengal was fed by some other tributaries like Pagla, Bansloi, Mayurakshi, Ajoy, Damodar, etc. However, gradual siltation at the bifurcation point reduced the flow of freshwater into the Bhagirathi and consequently, this reduced freshwater discharge to the southern part of the river, which in turn threatened the navigability of the Kolkata Port 34 . Therefore, a barrage was constructed across the Ganga at Farakka to maintain water flow at Kolkata Port and to improve the communication facility between north and south Bengal. A 38 km long feeder canal was excavated to divert 40,000 cusecs of water directly to the Bhagirathi and they meet near Jangipur in Murshidabad district. On 21 April 1975, water began to be released from the Ganga into the Bhagirathi through this canal. The digging of Bhagirathi feeder canal and associated national highway (NH 34) and railway line construction hindered the natural flow of the rivers. Practically an estimated 6557 ha area (Table 5) started to experience the swampy conditions. This sudden increase of wetlands was noticeable due to leaching of water from the canal and due to obstruction of basin outlet. The rise of groundwater level after the release of water through the canal initially supported water stagnation over the study area. Although one syphon (Bagmari syphon; Figure 4 b) drainage regulators and inlets ( Figure  4 a and c) were built to overcome this situation, they were not sufficient for draining the water. Eventually, leaching of water started logging at the right side of the canal for few years ( Figure 5 ). In a detailed description of the 2000 floods in Bengal, Chapman and Rudra 35 wrote, '… the canal cuts across the drainage outlets of four small rivers coming from the hills of Chotanagpur in adjacent Jharkhand state -the Trimohoni, Kanloi, Bagmari, and Madhabjani. Before the canal was built, these drained into the Ganges just upstream of its first distributary, the Bhagirathi. After the canal was built, they drained into it, thence into the Bhagirathi. In ordinary seasons their small contribution to discharge would be welcome, but there is no alternative escape for major influxes. Thus, the huge discharges from Jharkhand down these rivers in late September 2000 were ducted straight into the Bhagirathi. The blockage of the line of drainage has also turned much of the land on the west side of the canal into unusable swampland'.
Dynamics of wetland centroid
The altered flow regime of river disrupts the dynamic equilibrium between inlet sediment accumulation and movement, modifies habitat dynamics also, forming different environment to which the native biota may be poorly adopted 36 . In the study area resulting impacts on the native biota are much more intense in the floodplain.
Agriculture is the major cause for wetland loss in Asia, where about 27% of wetlands has been drained for intensive agriculture 5, 37 . The lower Gangetic floodplain is traditionally known as the rice-growing belt in West Bengal 38 . During the last several decades, rapid population growth and dramatic increase in food demand switched human dependence from surface water to groundwater 28 . Based on the land-cover analysis, the total area of open water and area under marsh dramatically reduced, while agriculture along with fallow land gradually increased. This can be attributed to the agricultural development during this period. In Bengal, the agricultural output, mainly boro paddy cultivation (during the non-monsoon season, e.g. February to May) was intensified sharply after the 1980s that unleashed the green revolution 39, 40 . This period also witnessed a significant increase in groundwater lifting 41, 42 and extensive use of chemical fertilizers and insecticides by rural farmers of West Bengal 43 . The rate of wetland destruction increased and farmers in the rural area chose the low-lying marsh as paddy field to augment rice production. Consequently, areas of wetland were converted into paddy fields. The results of this study demonstrated that dominance and fragmentation indices also gradually declined after 1975-77, indicating that significant areas of wetlands were segmented into small patches. The fertilizer run-off from upland as well as the agricultural land in the vicinity of the wetlands was considerably higher after 1980s which enhanced the nutrient loading to the wetlands and also helped in the formation and development of wetland shrubs and weeds in the eutrophic environment. The range of two indices, NDVI and NDWI varied with respect to time in association with fragmentation and landuse statistics. The introduction of boro paddy cultivation together with technological advances in tube wells and large-capacity pumping for crop irrigation lowered the water table quickly, which possibly caused water scarcity in the area 7, 11 . The lower groundwater level failed to support water stagnation over the wetlands. Thus, it can be established that steady drop of groundwater levels, landcover conversion along with associated eutrophication may be primarily responsible for the gradual filling of swamps ( Figure 5 ) that ultimately reduced the effective water-spreading area and resulted in fragmentation. Silting over the wetlands was enhanced due to soil entrainment from the agricultural fields around the wetlands. The halting of natural flow of drainage outlet also enhanced deposition of silt in that area. Reclamation of agricultural plots elevating few patches of land within the wetlands by bringing soil from outside was a major factor for reducing the effective water-spreading area and fragmentation of wetland continuity.
The results also indicated that the centroids of all wetlands were relocated and moved away from feeder canal during the study period due to notable modification of hydrological regime of the wetland system. Currently, few detrimental factors are driving natural wetland systems towards terrestrial systems, ultimately making the wetlands fragmented and isolated from the inflow/ outflow system. Some interconnected swamps and lakes have lost their connection with the main channels and became isolated for several months or even years. Thus the vast swampland turned into paddy dominated the artificial and fragile ecosystem.
Conclusion
The results of the present study showed that the feeder canal plays a significant role in altering the hydrological regime of the wetland system. Factors such as increased sedimentation from surrounding regions, agricultural expansion, eutrophication and lowering of groundwater level are major vectors for interruptive wetland regime and ensuing treats on them. If this trend continues, wetlands will soon be converted into dry land and wetland ecotonian ecosystem will be converted to terrestrial or paddy-dominated ecosystem. Some of the major reasons behind wetland conversion are mass illiteracy about the goods and services of wetland, lack of evidences of effective and productive uses of wetlands, high expectation of immediate monetary returns from wetlands, indifferent thinking of considering wetlands as wasteland, lack of proper Governmental policy implementation, etc. Conservation efforts across large landscapes in participation with local people are necessary to make these wetlands productive and retain their ecological settings. Productive returns alone can prevent the rapid replacement of wetlands by agriculture, and inspire people towards making wetlands more productive and sustainable.
